The basic principles of analogue and digital computers are reviewed and their application is describedfor the beat-to-beat analysis of the electrocardiogram using the AZTEC data reduction programme, for on-line haemodynamic analyses in the cardiac catheterization laboratory, coronary care unit, or postoperative ward, and for the clinical history and physical examination of the patient. The role of the computer in the management of cardiovascular disease is defined and its superiority in the collection and manipulation of complex data is emphasized. Its use in sparing staff the tedium of routine analyses of data will amply repay the initial cost of its installation.
The basic principles of analogue and digital computers are reviewed and their application is describedfor the beat-to-beat analysis of the electrocardiogram using the AZTEC data reduction programme, for on-line haemodynamic analyses in the cardiac catheterization laboratory, coronary care unit, or postoperative ward, and for the clinical history and physical examination of the patient. The role of the computer in the management of cardiovascular disease is defined and its superiority in the collection and manipulation of complex data is emphasized. Its use in sparing staff the tedium of routine analyses of data will amply repay the initial cost of its installation. ' Medicine is a science of uncertainty and an art of probability.' SIR WILLIAM OSLER Great strides have been made during the last decade in the application of the computer to biological problems, and cardiology has shared in the continued development of these new techniques. This is hardly surprising, for there are few areas in clinical investigation which embrace so many basic principles as are used during the measurements of intravascular pressure, flow, myocardial function, heart chamber size, and the electrocardiogram. The continued improvement and refinement of cardiac investigation has demanded, and obtained, sophisticated electronic systems, but one hour of such investigation may be followed by 80 hours of data processing to extract all the information being recorded (Taylor, 1966) . Without a parallel development in computer technology and systems-engineering science the relative ease with which very complex circulatory data can now be obtained will be largely wasted, for the great increase in the production of data itself restricts further expansion unless methods are available for automatic measurement and analysis.
This paper reviews recent developments in the application of computer techniques to three areas with immediate relevance to the patient with cardiovascular disease -namely, his history and physical examination, the electrocardiographic analysis, and on-line pressure and flow determination.
Historical review Arriving at a medical diagnosis on the basis of a logical and scientific process has always suffered from two inherent faults: an ignorance of the number of diseases producing similar signs and symptoms, and an inability on the part of the physician to remember all the diagnostic information he needs for an accurate diagnosis. Some device is needed by which the physician can be helped and both deficiencies repaired. Earliest aids included devices resembling slide rules by which a physician could match combinations of signs and symptoms and thereby choose the most likely diagnosis out of a possible number exceeding 300 (Nash, 1954, I960) . Though interesting, these could hardly be useful as an overall solution to the problem, and thereafter mechanical methods were introduced involving card and needle systems (Lipkin and Hardy, I958) but no probability relationship was possible using these approaches. Ledley and Lusted (I959) proposed that medical diagnosis be considered as logic processes and as a conditioned probability according to Baye's theorem, and Warner et al. (I96I) were able to use this approach successfully in the diagnosis of congenital heart disease. The increasing availability of digital computers has provided a better method for collecting and coding medical information, and at the same time the essential newer mathematical approaches for dealing with biological problems have been developed (Zadeh, I962 The problem of identifying the electrical signs of atrial depolarization is similar to, but not identical with, the recognition of the ventricular complex. The P wave recorded at the body's surface is smaller in amplitude and subject to distortion by noise, but on the other hand the shape of the P wave is generally less variable than that of the QRS complex, and in our original system a separate AZTEC processor was used in the atrial channel operating in a manner similar to that in the ventricular channel (Fig. i) Fig. 3 , in which the electrocardiogram of a patient in normal sinus rhythm interrupted by ventricular extrasystoles has been analysed. The extrasystoles are shown at the lower right of the figure, indicating a reduced QQ time and a widened QRS complex. In Fig. 4 (PDP-12) is a small, general purpose high-speed digital instrument especially designed for collection of data directly by the computer and for processing data as fast as it is generated. Two magnetic tape units provide for storage and retrieval, and the cathode ray oscilloscope, which resembles a television screen, is capable of displaying easily readable statements (Fig. 5) . The computer-based questionnaire provides four possible responses: (i) yes, (ii) no, (iii) don't know, and (iv) don't understand. If the response to a question is 'yes', a specific series of qualifying questions follows; if 'no', the qualifying questions are skipped and another general question is asked. When the answers to certain questions are not known, or if the questions are not understood, the questions are qualified with varying simplified terminology.
Using this basic programme, we have modified the system to be suitable for histories from patients admitted to a cardiology ward and to the coronary care unit, and also to handle the physical examination, the day-today follow-up notes, the electrocardiographic analysis, and other special investigations performed. The computer-based sheets serve as the clinical notes for that patient, and a permanent hard copy teleprint summary is provided. Perhaps the greatest use of the system is that it is ideally suited for the collection of data to be statistically analysed by the computer for research purposes at some future date, for each patient in essence is asked and responds to identical questions, the physical examination is complete in every patient, and all the investigations are entered sequentially.
Discussion
Computer techniques are only now becoming accepted as useful tools in clinical medicine, although their place has been accepted in engineering and the biological sciences for many years. Their particular role in the clinical cardiological situation is to exploit fully the abundance and complexity of modern circulatory investigation, for these devices have a facility for collecting and analysing data at a speed which is unrivalled. As our investigational methods become more complex, some means is urgently needed for reducing the personnel time required at present to analyse all the data recorded. Furthermore, the correct mathematical and statistical handling of such data is essential for accurate patient diagnosis and management. The computer therefore provides the clinical investigator with a versatile instrument whose full potential is limited only by the conceptual approach of the programmer rather than by any inherent deficiency of the instrument. As already emphasized, the use of the computer in cardiovascular diagnosis is not limited only to the cardiac catheterization laboratory but in addition it has an important role in the electrocardiographic analysis as well as in the long-term monitoring of the acutely ill patient in the coronary care unit or postoperative ward. Even in the more mundane setting of the clinical ward it will maintain a degree of precision previously lacking in history taking, physical examination, and follow-up of the patient.
The (Caceres, I963; Dobrow et al., 1964 (Gerbarg et al., I962) , and in addition analogue circuits have been established to identify heart murmurs (Konecci, I964) .
Although there is no technical limit to the computer's clinical use, it is necessary for the investigator to define precisely his data in terms which can be understood and analysed. This is relatively easy when dealing with pressure, flow, and electrocardiographic data, but becomes increasingly more difficult for history taking and the physical examination. Any critical analysis of currently employed methods for recording these important items -namely the hospital chart -reveals its complete inadequacy for considering the patient's problem in detail or as a prospective document to be used later in clinical research (Weid, I967) . There are now available several computer-based history-examination systems, one of which is described in the earlier part of this paper. While the computer programme is satisfactory from the point of view of the physician, it is equally important to consider the patient's reaction to this form of medical interview. Such a study has now been completed (Slack and Van Cura, I968) in which 275 patients responded to questions displayed on a cathode ray screen by using a computer keyboard. Most indicated their approval of this novel form of interview, and furthermore there was no correlation between the social and economic background of the patient and his opinion of the computer system. Further experience has confirmed the initial favourable reaction, on the part of both the patient and the physician, but perhaps its greatest asset is its thoroughness in collecting important historical information and recording a complete physical examination, making subsequent analyses for clinical research so much easier.
As could be predicted, the electrocardiogram was investigated early by computer scientists in an attempt to provide a detailed and accurate analysis of the information contained. Several programmes have been worked out completely after the initial studies, including the AZTEC system described earlier (Cox et al., I969) . Others have preferred an analysis of special lead systems, and the corrected orthogonal three-lead electrocardiogram system has been recommended (Pipberger, I965) . The application of dataprocessing systems clearly makes it highly desirable that a reduction in the number of leads is considered, provided that no useful information is lost in this way. Further analysis of the three-lead orthogonal record by digital computer is now developed to the point where it can provide accurate diagnoses in routine use (Pipberger et (Caceres et al., I964) , the most common errors it makes are incorrect determination of electrocardiogram wave onset or end. While the T-wave recognition is now less of a problem, many workers feel that the P-wave is best recognized using a right atrial intracavitary lead. When the AZTEC system was put to critical analysis (H. Fozzard, I969, personal communication), obvious missed beats occurred in about one per cent of the total number of QRS cycles analysed. These were almost entirely the result of poorly adjusted amplifier gain resulting in the signal being outside the range of the A-D converter. In addition, when patients were studied for stability of the analysis in the presence of a noisy record, about o-6 per cent of all cycles analysed were interrupted. Ob 
